Mapping and quantifying sediment transfer between the front of rapidly moving rock glaciers and torrential gullies by Kummert, Mario & Delaloye, Reynald
Mapping and quantifying sediment transfer between the front of rapidly
moving rock glaciers and torrential gullies
Mario Kummert ⁎, Reynald Delaloye
Department of Geosciences/Geography, University of Fribourg, Switzerland
The sedimentary connection which may occur between the front of active rock glaciers and torrential channels
is not well understood, despite its potential impact on the torrential activity characterizing the concerned
catchments. In this study, DEMs of difference (DoDs) covering various time intervals between 2013 and 2016
were obtained from LiDAR-derived multitemporal DEMs for three rapidly moving rock glaciers located in the
western Swiss Alps. The DoDs were used to map and quantify sediment transfer activity between the front of
these rock glaciers and the corresponding underlying torrential gullies. Sediment transfer rates ranging between
1500m3/y and 7800m3/y have been calculated, depending on the sites. Sediment eroded from the fronts gener-
ally accumulated in the upper sectors of the torrential gullies where they were occasionally mobilized within
small to medium sized debris ﬂow events. A clear relation between the motion rates of the rock glaciers and
the sediment transfer rates calculated at their fronts could be highlighted. Along with the size of the frontal
areas, rock glacier creep rates inﬂuence thus directly sediment availability in the headwaters of the studied
torrents. The frequency-magnitude of debris ﬂow events varied between sites and was mainly related to the
concordance of local factors such as topography, water availability, sediment availability or sediment type.
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1. Introduction
Active rock glaciers act as efﬁcient sediment conveyors in periglacial
mountain environments (Frauenfelder et al., 2003; Delaloye et al., 2010;
Gärtner-Roer, 2012), transferring large quantities of debris from their
rooting zone (upslope area) to their fronts. Active rock glacier fronts
are typically steep, reach up to several tens of meters height and are
composed of coarse elements (pebbles, boulders) embedded in amatrix
of ﬁner-grained debris. Because of instabilities induced by the motion
of the landform, active rock glacier fronts are affected by frequent
sediment reworking processes (Kummert et al., 2017). In some cases,
mobilized debris accumulate on subjacent slopes and gullies where
they become available for further transport, for instance via debris
ﬂow events. The amount of easily erodible sediments which can be
mobilized by debris ﬂows depends on the erosion rate (reworking
rate) characterizing the front of rock glaciers, which can be expected
to depend on the rock glaciers kinematical behavior, and on the spatial
re-distribution of the sediments on the slopes. In this contribution, both
mapping (spatial characteristics) and quantiﬁcation (erosion rates)
of the sediment transfer activity between the front of some selected
active rock glaciers and their respective connected torrential gullies
are presented.
Active rock glaciers are composed of a mix of various-size rock par-
ticleswhich, under a fewmeters of non-permanently frozen rock debris
(i.e. the active layer), are cemented by interstitial ice. The deformation
of the ice explains the downslope movement of a rock glacier (i.e. the
rock glacier creep, e.g. Haeberli et al., 2006) and concentrates mostly
in one main shear horizon (e.g. Arenson et al., 2002; Buchli et al.,
2013), in some cases in several of them (e.g. Kummert et al., 2017).
The deformation rate within rock glaciers depends on numerous factors
such as topography (slope angle), internal structure (percentage of ice,
rock debris and water content into the ground) and ground tempera-
ture (e.g. Arenson et al., 2002; Ikeda et al., 2008; Delaloye et al., 2010).
In the current context of global warming, the dependency of rock gla-
ciers creep rates on temperature - at least on an annual basis - (Kääb
et al., 2007; Delaloye et al., 2008) is of particular importance. In response
to the climatically driven increase of the ground temperature, a very
substantial acceleration of rock glaciers and other permafrost creeping
landforms has been reported especially from the Alps (e.g. Kaufmann
et al., 2007; Ikeda et al., 2008; Roer et al., 2008; PERMOS, 2016), but
also from other mountain ranges such as the Brooks Range in Northern
Alaska (Daanen et al., 2012) or the Kazakh and Kyrgyz Tien Shan (Sorg
et al., 2015; Kääb et al., 2016). The sediment transfer rate of rock glaciers
is hence beingmodiﬁed andwill continue – at least up to a certain point –
in response to the ongoing air temperature increase. The availability
of unconsolidated sediments downslope from rock glaciersmight thus in-
crease accordingly and in some cases inﬂuence the frequency-magnitude
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which should be cited to refer to this work.
of torrential sediment transfer processes such as debris ﬂows (e.g. Gobiet
et al., 2014).
The occurrence of an efﬁcient sedimentary connection between an
active rock glacier and the torrential network system requires speciﬁc
topographical conditions. Fig. 1 represents sketches of two slope conﬁg-
urations leading to differing sediment connectivity, i.e. differing proba-
bility for sediments to be transferred from a sediment source (here the
rock glacier) to a downward target storage zone (torrential channels) in
a given timeframe (e.g. Bracken et al., 2015). If the rock glacier terminus
reposes on a gentle slope, sediment reworking simply creates a debris
accumulation at the foot of the front where sediments have a very low
probability to be mobilized further downslope and will most likely be
overridden by the landform (type A on Fig. 1). Rock glaciers of type A
represent thus sediment traps (Wahrhaftig and Cox, 1959; Barsch and
Caine, 1984; Gärtner-Roer, 2012). Conversely, if the front of a rock gla-
cier is located on top of a steep slope, sediments eroded from the latter
can be transferred downward and are available for furthermobilization,
for instance by torrential sediment transfer processes (type B in Fig. 1).
Although they appear to be less frequent than the type A (Kääb and
Reichmuth, 2005), several rock glaciers corresponding to the conﬁgura-
tion of type B (Fig. 1) have been observed in the Alps (e.g. Lugon and
Stoffel, 2010; Delaloye et al., 2013; Kummert and Delaloye, 2015;
Kummert et al., 2017; Krysiecki et al., in prep.). In catchments concerned
by the latter type, quantitative data about the sediment ﬂuxes between
the rock glaciers and the downstream slopes and gullies is needed to
estimate proper sediment budgets and debris ﬂow scenarios (Oggier
et al., 2016).
The sediment budget approach aims to provide quantitative estima-
tions of sediment transfer rates (Dietrich and Dunne, 1978; Walling,
1983; Fryirs, 2013) by measuring the source to storage relationships
within the sediment cascade (Caine, 1974). The recent emergence of re-
mote sensing techniques (e.g. digital photogrammetry, terrestrial and
airborne laser scanning) enabling the production of high resolution
multi-temporal Digital Elevation Models (DEMs) has enhanced the
spatial representativeness of sediment budget studies (e.g. Lane et al.,
1994; Brasington et al., 2000) and allowed sediment budgets to be
assessed for areas where terrestrial surveys are often not possible,
i.e. steepmountain catchment areas (e.g. Bennett et al., 2012). In partic-
ular, DEMs of difference (DoDs), i.e. the result of the subtraction of two
DEMs of the same area but from different dates (e.g. Williams, 2012),
can be used to map and quantify surface elevation changes which very
often relate to sediment transfer processes. Hence, DoDs have been
successfully used to monitor sediment dynamics and mass wasting
processes (e.g. Scheidl et al., 2008; Theule et al., 2012; Heckmann
et al., 2012; Cavalli et al., 2017), including rock glacier dynamics
(e.g. Abermann et al., 2010; Kenner et al., 2013). However, only few
studies focus on changes at rock glacier fronts (Bauer et al., 2003,
Avian et al., 2009, Bodin and Trombotto, 2015 for rock glaciers of type
A, Micheletti et al., 2017 for type B) and none proposes sediment bud-
gets between the front of active rock glaciers (sources) and torrential
gullies (temporary or permanent storages).
Our study aims to provide insights about the rates and the spatio-
temporal behavior characterizing the sediment transfer between rapid-
ly moving rock glaciers (of type B) and their respective downstream
subjacent slopes and gullies. For that purpose, multi-temporal DEMs
covering the frontal area of three rock glaciers located in the western
Swiss Alps (Dirru, Gugla, and Tsarmine) were acquired between 2013
and 2016 (study period) using terrestrial laser scanning (TLS). The
DoDs generated from the TLS multi-temporal DEMs allowed (i) to
map the spatial patterns of erosion and accumulation at the rock glacier
fronts and the upper part of the gullies and (ii) to calculate both sedi-
ment budgets and sediment transfer rates between these two spatial
components (fronts and upper gullies).
2. Study sites and study object
The three studied rock glaciers Dirru, Gugla and Tsarmine are
located in the southwestern Swiss Alps (Fig. 2). They all face west and
their fronts lie on steep convex slopes dominating torrential gullies. In
their respective torrential catchment, each rock glacier represents the
most important sediment source for the main channel. The three sites
were chosen because of their topographical setting and their high
current ﬂow rate which favors high sediment transfer activity and
allows observations to be made in only 4 years. Some additional site-
speciﬁc features can be found in Kummert et al. (2017). Ongoing rock
glacier surface velocities have been regularly surveyed by differential
Global Navigation Satellite System (dGNSS) since 2004 for Tsarmine
(Delaloye et al., 2010; PERMOS, 2016) and 2007 for Dirru and Gugla
(Delaloye et al., 2013), while the long-term evolution of their dynamic
since the 1960s has been assessed by photogrammetric analysis
(Delaloye et al., Unpublished; Fig. 3). The three rock glaciers have
been characterized by displacement rates of several meters per year
(m/y) between 2013 and 2016 (study period) and are therefore consid-
ered as rapidly moving. The photogrammetric analysis has shown that
the position of each rock glacier front line, i.e. the erosion border of
the rock glacier surface (Fig. 1), has not moved signiﬁcantly since at
least the mid-1990s while surface displacement rates have tended to
increase, meaning that over at least two decades the advance of the
rock glaciers must have been approximately balanced by the erosion
of their fronts.
2.1. Dirru
The Dirru rock glacier (46.12° N, 7.81° E) is located on thewest-facing
side of the Mattertal valley (Fig. 2). The current active tongue measures
Fig. 1. Two types of connectivity between an active rock glacier and the downward slope.
A – No connectivity: the sediments are stored at the foot of the front and will be
overridden by the advancing rock glacier; B – efﬁcient connectivity: the sediments are
leaving the rock glacier system. In this study, the focus is set on rock glaciers of type B.
The study area corresponds to the front and – at least – the upper part of the underlying
debris slope/gully.
Modiﬁed after Kummert et al. (2017).
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about 1 km long and 50m wide (on the lower half of the tongue). The
front is located at about 2530 m a.s.l., 150 m upslope on the southern
side of the Geisstriftbach torrential channel. The disrupted snow cover
observed at a speciﬁc horizon of the front in winter indicates that the
Dirru rock glacier is characterized by one main shear horizon situated
approximately 15 m below the front line. In addition to geophysical
investigations (Delaloye et al., Unpublished), the signiﬁcant summer
lowering rate of the surface of the tongue (about 10 cm/year) and the
observation of permafrost outcrops occasionally visible at the front
suggest a relatively high interstitial ice content beneath the
permafrost table (at least 50% of the total volume). The terminal part
of the rock glacier (last 350 m) has been moving rapidly since 1969 at
least, with 2D (horizontal) velocities about 3.7–4.5 m/y at that time
(Fig. 3). From 2007 to 2016, 2D surface velocities have been oscillating
between 5 and 8 m/y (6 and 9 m/y in 3D) with a slight decreasing
trend. Since the development of a deeply-incised erosion niche down-
slope from the front in the mid-1990s (Fig. 6), the position of the
front line has not changed substantially (maximally a few meters of
Fig. 2. Localization and illustration of the three study sites. Scanned surfaces are displayed in red. Areas outlined by the white dashed-lines correspond to the assumed stable sectors used
for the registration and the accuracy assessment of the LiDAR scans (the delimitation of these stable sectors is further explained in theData andmethods). On themaps, the arrows and the
thin dotted-lines indicate the presence of other moving landforms (landslides and soliﬂuction zones).
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ﬂuctuation). Nowadays, the erosion niche is inﬁlled by sediments and
small debris ﬂows reaching the Geisstriftbach torrent have been
observed there in 2013, 2014 and 2016.
2.2. Gugla
The Gugla (also named Gugla-Bielzug or Breithorn) rock glacier
(46.13° N, 7.81° E) is located about 2 km north from Dirru, on the
same valley ﬂank (Fig. 2). Gugla is a tongue-shaped rock glacier about
350 m long and 100 mwide. Its terminus, with a front line located at ap-
proximately 2620 m a.s.l., can be divided in two sectors with different
morphologies and dynamics. The southern part of the front is steep-
er, thicker (20 to 30 m) and characterized by the occurrence of sev-
eral distinct shear horizons (at least three could be identiﬁed on
images in 2012 and 2013). The northern part of the front is less
steep and has only one main shear horizon located about 15 m
below the front line. Geophysical investigations (Delaloye et al.,
Unpublished), direct visual observation at the front and the
absence of surface lowering during summer indicate that the ice
content is relatively low (presumably less than 50% of the total
volume). Surface horizontal velocities also differ between the two
parts of the front, with averages of respectively 10m/y for the southern
front and 4 m/y for the northern one. The velocities have gradually in-
creased during the past decades, especially since the mid-1990s. In the
most rapid part of the terminal tongue, the horizontal surface velocities
went from less than 0.5 m/y (period 1968–1982) up to approximately
1.5 m/y (period 1995–2005), and reached more than 15 m/y in 2013
(Fig. 3), with a strong destabilization phase starting in 2010. The whole
frontal part of the rock glacier is directlyﬂowing into theBielzug torrential
gully providing the torrent with rock debris. This sediment connectivity
has apparently existed since at least 1930 as the position of the front
line identiﬁed on old aerial images remained constant (except small
local variations) over the last 85 years (Delaloye et al., Unpublished).
Several signiﬁcant debris ﬂows (ranging from 500 to more than 5000m3
per event) reaching the valley bottom have been each year from 2012
to 2016 (Oggier et al., 2016).
2.3. Tsarmine
Tsarmine (46.04° N, 7.50° E) is a tongue-shaped rock glacier located
in the Val d'Arolla (Fig. 2). It is about 450m long and 100 mwide and its
front line is located at about 2460 m a.s.l. The main shear horizon is
situated approximately 15 m below the front line, as conﬁrmed by the
disrupted snow cover observed on webcam images in winter. No
speciﬁc information about ice content is available but the absence of
measured or observed summer surface lowering seems to indicate
that very high ice content is probably to exclude. The Tsarmine rock
glacier has encountered a gradual acceleration since 1967which has in-
tensiﬁed since themid-1990s (Fig. 3). From 2011 to 2016, a continuous
acceleration has been measured by geodetic surveys (Fig. 3), 2D veloci-
ties ﬂuctuating in the frontal part from about 1 m/y in 2011 to more
than 5 m/y in 2016. The rock glacier terminus is located on the top of
a deep torrential gully where rock debris have accumulated since at
least 1946 (oldest image available). Even though the torrential channel
displays a substantial amount of accumulated sediments, the debris fan
is rather ﬂat and completely vegetated. Except for a small event occur-
ring in the 1980s and triggered from an alternate sediment source
(a small landslide, Fig. 2), no trace of debris ﬂow reaching the valley
bottom has been observed on the different aerial and oblique photo-
graphs dating back to 1946.
2.4. Sediment cascade
In their respective torrential systems, each of the studied rock glacier
belong to a chain of processes which links high altitude sediment
accumulations (e.g. talus slopes, moraines) to the main valleys. In
order to understand the sediment transfer between the rock glaciers
and the torrential gullies aswell as the sediment budget of each zone in-
dividually, four main morphological units need to be described (Fig. 4).
Starting upward, the ﬁrst zone consists of the rock glacier tonguewhich
is delimited downslope by the front line. The sediments constituting the
rock glacier tongue (above the shear horizon) are continuously creeping
towards the front. The front of the rock glacier is delimited upward by
the front line and downward by the location of the main shear horizon.
At the front, the sediment budget (ΔVF) is mainly the result of sediment
inputs from themoving rock glacier body (ΔVFadv) and outputs through
erosion and transfer of sediments downward (ΔVFre; Eq. (1)). If the
Fig. 3. Long-term evolution of the horizontal velocities in the terminal part of the three
investigated rock glaciers. The thin lines represent the results from a photogrammetric
analysis of old aerial images while the thick lines are values derived from geodetic surveys
(average of several markers measured each year by dGNSS). The two sets of curves
displayed for the Gugla rock glacier show respectively the velocities of the northern and
the southern parts of the front. In addition, the two X indicate the fall of the marked
boulders on both parts of the front, respectively.
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position of the front line remains constant in time, the sediment budget
of the front should be close to zero.
ΔVF ¼ ΔVFadv−ΔVFre ð1Þ
Following the sediment cascade, the next unit consists of what we
call the upper gully, i.e. the part of the gully directly subjacent to the
front and which is comprised in the TLS scans (Fig. 2). The area
encompassed in the upper gully zone is thus limited downward by the
scanning possibilities (see Data and methods). The word gully is used
here as a generic term to designate the steep slopes developing down-
ward from the fronts. At Gugla and Tsarmine it corresponds to actual
morphological gullies but at Dirru it takes the form of a talus-slope-
like depositional area. The sediment budget of the upper gully is mainly
driven by sediment inputs from the erosion of the front (ΔVFre), and
sediment outputs from the removal and the transport of sediments
downward (ΔVUGre; Eq. (2)). Sediment inputs from the erosion of
lateral slopes (e.g. surface runoff, shallow landslides) may occur but
are very likely negligible at our study sites (ΔVLat).
ΔVUG ¼ ΔVFre−ΔVUGre þΔVLatð Þ ð2Þ
The sediments leaving the upper gully are expected to accumulate
within the lower gully or to transit through it. The lower gully corre-
sponds to the portion of the gully located downward from the scanned
area and which links the upper gully to the valley bottom and the allu-
vial fan. Note that sediments may sometimes be directly transferred
from the rock glacier fronts towards the lower gully without being tem-
porarily stored in the upper gully, for instance via long distance rock fall
events or debrisﬂows triggered on the front itself. The focus of the study
is here set on the sediment transfer activity between the rock glacier
fronts and the upper gullies, and therefore only the sediment transfer
activity and the sediment budgets characterizing these two zones are
investigated.
3. Data and methods
At each site, DoDs covering successive time intervals were produced
to map surface elevation changes and calculate volumetric changes at
the fronts and in the upper gullies. The DoDs were computed by
comparing multi-temporal DEMs derived from TLS point clouds.
3.1. Data acquisition and processing
Basically, a TLS device calculates the distance of a targeted surface by
measuring the time for the laser signal reﬂected by this surface to return
to its source. The result is a dense point cloud which can then be inter-
polated into a rasterized DEM (of the investigated surface). By repeating
the operation at different dates on the same targeted surface, time series
of DEMs can be created.When possible, TLS campaignswere carried out
twice a year between 2013 and 2016 at Gugla and Tsarmine, and
between 2014 and 2016 at Dirru (details in Table 1). The aim was to
get information about both the inter-annual and the seasonal variations
of sediment transfer activity. The number of scanning campaign was
limited to two per year both for logistic reasons and more importantly
because scanning was only possible once the snow had completely
disappeared from the investigated areas. Each year, the ﬁrst scanning
campaign usually took place end of June, while the second onewas gen-
erally planned in October before the ﬁrst snowfall. Some additional
scans were also acquired occasionally to investigate shorter time
periods (Table 1). Running at the lower range of the near infrared, a
long-range Riegl VZ®-6000 terrestrial laser scanner was used here
and allowed fast surveys (up to 222,000 measurements per second) to
be performed at great distance from the target (several hundredmeters,
theoretically up to a maximum of 6000 m). Given the complexity and
the steepness of the terrain, it was difﬁcult to ﬁnd good and accessible
viewpoints on both the fronts of the rock glaciers and the underlying
slopes and gullies. For each study site, 2 or 3 scan positions were used
(Fig. 2) in order to increase the point clouds density and to make sure
that the largest possible part of the area of interest has been covered
(Fig. 2). Generally, the surface of the fronts could always be entirely in-
cluded within the scans while the spatial coverage of the gullies was
limited 200 to 400 m downslope. At Tsarmine, the use of the VZ®-
6000 appeared to be particularly useful as the lack of good positions
near the rock glacier forced us to scan from the other side of the valley
(up to 4 km, Fig. 2 and Fig. 5).
The point clouds time series were registered relatively to each other
using the RiSCAN PRO® software. The registration procedure applied in
this study and described hereafter is similar to the one used by Fischer
Fig. 4. Systemic sketch of the chain of processes andmorphological units that intervenes in the sediment transfer activity between rock glacier fronts and torrential gullies (right), and their
corresponding location in the example of the Tsarmine rock glacier (left, photo from July 7, 2013).
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et al. (2016). Clear outliers were ﬁrst permanently deleted from the
point clouds. Then for each site, one point cloudwas selected and treat-
ed as already registered and all the other point clouds were shifted and
adjusted on this reference following several steps. First, changing sur-
faces (e.g. the rock glaciers, the fronts, the gullies) were temporarily re-
moved from the unregistered point clouds in order to keep only
assumed stable areas for the registration (Fig. 2). In a second step, a
manual coarse registration using visually identiﬁed matching points
was applied to roughly shift the unregistered point clouds towards the
reference one. It was then possible to apply a multi station adjustment
(MSA) algorithm for semi-automatic registration based on iterative
closest point (ICP) techniques to precisely adjust the point clouds to
the reference position (e.g. Zhang, 1994, Kenner et al., 2011, Carrivick
et al., 2013). The quality of the registration procedures can be assessed
and quantiﬁed using the standard deviation of error from the point
residuals which is provided by the RiSCAN PRO® software. The values
range respectively from ±0.018 m to ±0.035 m for Dirru and Gugla,
and between ±0.045m and ±0.200m for Tsarmine, where the greater
distance of acquisition compared to the other sites caused lower point
cloud densities (see details in Table 1). Finally, an octree ﬁlter (Perroy
et al., 2010) was applied in order to combine point data from different
scan positions, and to obtain new point clouds with a distributed num-
bers of points per area. The processed point clouds were interpolated in
ArcMap 10.3 in order to obtain DEMs. The high point density and the
regular point distribution over the area of interest justiﬁed the use of a
simple natural neighborhood algorithm for the interpolation (Scheidl
et al., 2008). The respective resolutions of the TLS-derived DEM
products are given in Table 1 and an example of DEM is shown for
each site in Fig. 6. The created multi-temporal DEMs were then
subtracted from each other to obtain DoDs for all the time intervals
available, depending on the sites (Table 1 for the dates of the available
DEMs). In the resulting DoDs, each cell is characterized by a value
of surface elevation change between the two dates (t1 and t2). Simply
multiplying the sum of surface elevation change over a chosen
area (∑Δz) by the surface of one raster cell (d2) (see for example
Heckmann et al., 2012) allows volumetric budgets, i.e. volumes of
surface elevation changes in given areas, to be calculated (Eq. (3))
ΔV ¼ d2 ∑Δz ð3Þ
3.2. DoDs to infer sediment transfer dynamic
Both at the fronts and in the upper gullies, the values of surface
changes are mainly related to actual sediment transport processes
(sediment reworking and ground motion; Fig. 7). The DoDs created
for different time intervals can therefore be visually analyzed as maps
of sediment transfer (see Results), and the volumetric budgets calculat-
ed for both zones respectively (ΔVF and ΔVUG) can be interpreted as
sediment budgets. The limits of each zone were drawn manually on
the DEMs based on the visual interpretation of the DoDs and of aerial
Table 1
Dates, characteristics and registration errors of the different LiDAR scans acquired in this study. The difference of DEMs resolution between the three sites is mainly related to the varying
distances between the scanning positions and the targeted surface.
Year Dirru (6 scans)
DEM resolution: 10 cm
Gugla (10 scans)
DEM resolution: 5 cm
Tsarmine (7 scans)
DEM resolution: 20 cm
Date scan (dd.mm.yyyy) Registration error σ (m) Date scan (dd.mm.yyyy) Registration error σ (m) Date scan (dd.mm.yyyy) Registration error σ (m)
2013 25.06.2013 ±0.035
09.07.2013 ±0.140
10.07.2013 ±0.032
06.08.2013 ±0.045
04.10.2013 ±0.019
2014 26.06.2014 ±0.025 26.06.2014 ±0.034
23.09.2014 ±0.068
09.10.2014 ±0.030 09.10.2014 ±0.023
2015 08.06.2015 ±0.025
29.06.2015 ±0.181
30.06.2015 ±0.024 30.06.2015 ±0.024
22.09.2015 ±0.197
06.10.2015 ±0.018 06.10.2015 ±0.029
2016 29.06.2016 ±0.028 29.06.2016 ±0.028
01.07.2016 ±0.174
04.10.2016 ±0.027 04.10.2016 ±0.022
07.10.2016 ±0.168
Fig. 5. TLS measurement with the Riegl VZ®-6000 at Tsarmine on October 7, 2016. The
scan position (position 001 on Fig. 2) is located at an approximate distance of 3 km from
the rock glacier.
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images. Due to the rock glacier advance, the extent of the frontal
areas varies over time making it difﬁcult to delimitate. A ﬁxed front
zone has therefore been deﬁned for each site, taking voluntarily a
slightly larger area than the supposed “real” front in order to be
sure to encompass all of it and any of its variation over time (see dif-
ference between the “zone front” and the “front” as a morphological
unit in Fig. 6).
Calculating volumetric budgets allows assessing the sediment trans-
fer dynamic of each zone separately. In order to quantify the sediment
transfer activity between the fronts and the gullies, the volumetric
changes due to sediment reworking (ΔVFre) needs to be isolated from
the overall sediment budget of the fronts (ΔVF). For that purpose, the
mean surface elevation change resulting only from the rock glaciers
movement ((3) in Fig. 7) was estimated at each site and for each time
interval based on three main parameters (Fig. 8): the mean horizontal
displacement (dxy), themean vertical displacement (dz) and the fronts
mean slope angle (α).
3.2.1. The mean horizontal (dxy) and vertical (dz) displacements of the
rock glaciers
The mean horizontal (dxy) and vertical (dz) displacements of the
rock glaciers were derived here from the mean 3D surface displace-
ments measured at the front of each rock glacier using different
techniques. At Dirru and Tsarmine, the terminal parts of the rock glacier
tongues are included in the scans. It was possible to identify boulders
(four at each site) located close to the front line in the TLS-derived
DEMs and to track themwithGIS techniques to infer their displacement.
The mean surface 3D displacement was then obtained for each time in-
terval by taking the average of displacement values calculated for the
four identiﬁed boulders. At Gugla, the surface of the tongue is not sufﬁ-
ciently covered by the scans and it was not possible to trackmoving fea-
tures on the DEMs. However, we used here a network of dGNSS points
measured in the ﬁeld at least twice a year and covering the whole
rock glacier providing values of displacement for several boulders
located near the front line (between 5 and 7) for dates coinciding
approximately with our scanning campaigns (maximally a few days of
difference). Given the strong differences in velocity observed between
the southern part and the northern part of the Gugla rock glacier
front, a value of 3D displacement was obtained respectively for each
part of the frontal area and for each time interval by calculating the
mean of the displacement values measured at the point locations. In
order to take into account the velocity decrease at depth, the measured
mean 3D surface displacement values were reduced by 25% at each site,
which corresponds to a 50% linear reduction of the velocity from the
surface down to the main shear horizon. The obtained values for the
mean 3D displacement (dxyz) were also decomposed into mean
Fig. 6. Example of TLS-derived DEMs produced at Gugla (October 4, 2016), Tsarmine (October 7, 2016) and Dirru (October 4, 2016). At Gugla, the large smoothed surfaces visible on the
rock glacier back are due to the uncomplete coverage of this area by the scans. The different morphological units (rock glacier tongue, front and upper gully) are differentiated by their
colors while the limits of the fronts and the upper gullies as used for the sediment budget calculations are drawn in black.
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horizontal (dxy) and vertical (dz) displacements, which were calculat-
ed for each site and for each time interval.
3.2.2. The mean slope angle (α) of the frontal areas
The mean slope angle of the front was obtained for each site and for
each time interval by simple GIS spatial analysis of the TLS derived
DEMs.
By combining these three parameters, a mean surface elevation
change strictly due to the calculated advance of the rock glacier (ΔH)
can be inferred using Eq. (4) (Fig. 8):
ΔH ¼ tan α  dxyð Þ−dz ð4Þ
By multiplying this value by the area of the front (obtained by mul-
tiplying the number of cells encompassed within the area (∑c) by the
surface of one cell (d2)), it is possible to estimate the mean volume
change due to the advance of the rock glaciers (ΔVFadv).
ΔVFadv ¼ d2 ∑c  ΔH ð5Þ
ΔVFre, i.e. the volume of sediment eroded from the front, can then be
obtained by subtracting the result of Eq. (5) (volume of advance of
the rock glacier front) from Eq. (3) (general volumetric budget), as in
Eq. (6):
ΔVFre ¼ ΔVF−ΔVFadv ¼ d2 ∑Δz
 
− d2 ∑c  ΔH
 
¼ d2  ∑Δz− ∑c  ΔHð Þð Þ ð6Þ
Sediment budgets could thus be obtained respectively at the fronts
and in the upper gullies (ΔVF and ΔVUG). In addition, erosion volumes
and erosion rates at the front of each site respectively for every time
interval (ES) and for annual periods (autumn to autumn, EA)were calcu-
lated. The results along with the main parameters used in the volume
calculations are described in the Results section of this paper.
3.3. Data uncertainty
Uncertainties can issue from errors in the surface elevation changes
data or from the interpretation of the calculated volumetric budgets as
sediment budgets. If the latter could not be quantiﬁed and are further
considered in the discussion part of this paper, uncertainties concerning
the values of surface elevation changes were assessed here. First, errors
can result from the data acquisition by the device itself. A simpliﬁed es-
timate of such error is usually directly provided by the manufacturer.
For the RIEGL VZ-6000 used in this study, the ranging accuracy and pre-
cision are respectively about ±0.015 m and ±0.010 m (RIEGL Laser
Measurement Systems, 2013). In addition, uncertainties can be induced
by the data processing. Errors in the point cloud registration (see
Table 1) are often used as an approximate of the errors of the DEMs
(Micheletti et al., 2015). However, data ﬁltering (i.e. the application of
the octree ﬁlter) and interpolation also generates some errors (Fischer
et al., 2016). To better represent all the processing errors, we assessed
here the uncertainties directly from the created DoDs. For each site
and for each time interval, supposed stable areas were selected from
the DoDs (Fig. 2). The choice of the stable areas was difﬁcult due
to the presence of many other slopemovements such as rockslides or so-
liﬂuction lobes in the direct vicinity of the investigated rock glaciers
(Figs. 2 and 5). The surfaces affected by slope instabilities were identiﬁed
Fig. 7. Conceptual example of sediment transfer activity occurring between two scanning
campaigns (T0 and T3). Interestingly, this example shows that surface lowering,
i.e. erosion, is often underestimated in the overall budget of the front (1). To know the
amount of sediment eroded from the front and transferred to the gully (2), it is thus
necessary to estimate the approximate volume of sediments previously brought forward
by the rock glacier motion (3).
Fig. 8. Eq. (4) (in text) used to estimate the surface elevation change in the frontal area
induced by the rock glacier advance.
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and delimited with the help of different data sources available, as for in-
stance an inventory of slopemovement based on SAR (Synthetic Aperture
Radar) interferometry (see Delaloye et al., 2007a, 2007b; Barboux et al.,
2014), dGNSS monitoring networks in the investigated areas which
often encompass some non-moving control points in stable zones, and
the visual interpretation of the terrain through aerial images and
hillshaded DEMs. Along with the zones affected by slope instabilities,
densely vegetated areas (bushes and forests) were excluded from the
assumed stable areas. Statistics concerning elevation changes for the
stable areas are given in Table 2. As expected for unchanged terrain,
the mean (μ) elevation change is most of the time very close to zero
and remain in a cm-range for Dirru and Gugla, and in a 3 cm-range for
Tsarmine. The standard deviation (σ) of elevation changes over stable ter-
rains gives an approximation of the error over the whole DoD for a conﬁ-
dence limit of 68% (Lane et al., 2003). To enhance the conﬁdence in our
elevation changesmeasurements,wemultiplied these standarddeviation
values by a factor of 2which statistically corresponds to a conﬁdence limit
of 95% (Brasington et al., 2003; Lane et al., 2003; Wheaton et al., 2010;
Heckmann et al., 2012) and used them as a minimum Limit of Detection
(LoD) to threshold the individual DoDs. By this mean, all changes inside
this conﬁdence interval (±2σ) are set to zero and are therefore not
reﬂected in the volume calculations and in the interpretation of the
results. In addition, an approximationof themaximal error thatmay affect
the volumetric budgets can be calculated bymultiplying themean surface
elevation change over the stable area (μ) respectively by the surface of the
fronts (SF) and the upper gullies (SUG). The obtained values are statistical-
ly unlikely to be true but give a maximal range for the volumetric error
(Table 2). They are typically larger for the gullies than for the fronts and
are on average higher at Tsarmine due to the coarser resolution of the cre-
atedDEMs. The values ofmaximal error range fromalmost 0 tomore than
400m3 and vary strongly between time intervals.
4. Results
As DoDs could be interpreted in two different ways, the results are
divided into two parts. First, the spatial patterns of surface elevation
changes are presented qualitatively and in a second part the results
from the quantitative analysis (sediment budgets) are given. In addi-
tion, as relatively strong differences characterize the three studied
rock glaciers, the results are described separately for each site.
4.1. Spatial characteristics of surface elevation changes
At each site the spatial distribution of surface elevation changes
affecting the fronts was very heterogeneous and variable throughout
the study period, reﬂecting the irregular nature of erosion in this sector.
The zones of preferential erosion or aggradation observed at the fronts
were thus less pronounced than in the upper gullies where relatively
clear and consistent patterns emerged on the DoDs (Fig. 9). At Dirru,
sediment aggradation was largely dominant on the debris slope subja-
cent to the front. Only small amounts of sediments were occasionally
remobilized from the slope and transferred towards the lower gully.
At Gugla, the patterns of surface changes were more variable in the
upper gully. Strong sediment aggradation was recorded during some
time intervals while sometimes substantial sediment reworking and re-
moval was observed. Finally at Tsarmine, only sediment aggradation
was recorded in the upper gully.
At Dirru, a preferential erosion area was strongly detectable in the
central sector of the front during summer time intervals while it was
less localized in time intervals covering the rest of the year (Fig. 9). On
the debris slope underneath the front, accumulation predominated
over the study period and showed a certain tendency towards the
dispersion of the sediments on the slope. This accumulation-dominant
behavior was particularly important in the former erosion niche
(Fig. 6), while outside this niche, only some small sectors experienced
a bit of accumulation, mostly near the front (Fig. 9). The accumulation
areas on the debris slope were usually more important over winter
time intervals (October to June). Erosion was detected downslope
from the front but it mostly represented very limited areas and
corresponded to low incision. Between October 2015 and June 2016
(Fig. 10), an increased remobilization of sediments occurred on the
upper part of the debris slope causing an aggradation zone on the
lower part of the slope.
The front of the Gugla rock glacier was mainly affected by erosion,
especially in its southern part (Fig. 9). On the northern part of the
front, one main erosion area was observed. Below the front, a sector
ranging between approximatively 2600 m and 2540 m a.s.l. was com-
monly characterized by low sediment transfer activity. Depending on
the time interval, some small erosion and accumulation zones appeared
but involved apparently small volumes of sediments. Below 2540 m,
substantial changes, i.e. either strong surface lowering or strong uplift
Table 2
Time intervals covered by the DoDs at each site and statistics computed over supposed stable areas:mean value (μ), standard deviation (σ) and the derived Limit of Detection (LoD). EFmax
and EUGmax represent respectively themaximumvolumetric error calculated for the fronts and the gully bymultiplying themean elevation change (μ)with the surface of each zone (SF and
SUG).
Site Time interval (dd.mm.yyyy) Statistics stable terrains (m) SF (ha) SUG (ha) EFmax (m3) EUGmax
(m3)
μ σ LoD = tσ (t = 2)
Dirru 26.06.2014-09.10.2014 -0.007 0.104 0.207 0,11 2,26 ±8 ±162
09.10.2014-30.06.2015 0.010 0.092 0.185 ±12 ±232
30.06.2015-06.10.2015 -0.004 0.082 0.165 ±5 ±91
06.10.2015-29.06.2016 -0.005 0.085 0.169 ±5 ±104
29.06.2016-04.10.2016 0.000 0.094 0.187 ±0 ±8
North South N S
Gugla 25.06.2013-10.07.2013 -0.001 0.135 0.270 0,13 0,26 1,02 ±1 ±2 ±7
10.07.2013-04.10.2013 0.002 0.140 0.280 ±4 ±7 ±29
04.10.2013-26.06.2014 -0.003 0.196 0.392 ±18 ±36 ±141
26.06.2014-09.10.2014 -0.014 0.188 0.376 ±5 ±11 ±43
09.10.2014-08.06.2015 -0.002 0.153 0.306 ±4 ±8 ±30
08.06.2015-30.06.2015 -0.012 0.137 0.274 ±1 ±1 ±4
30.06.2015-06.10.2015 0.003 0.095 0.190 ±20 ±40 ±160
06.10.2015-29.06.2016 0.000 0.123 0.246 ±1 ±2 ±7
29.06.2016-04.10.2016 -0.016 0.115 0.229 ±4 ±7 ±29
Tsarmine 09.07.2013-06.08.2013 -0.029 0.157 0.302 0,30 1,24 ±28 ±119
06.08.2013-23.09.2014 0.019 0.170 0.341 ±95 ±401
23.09.2014-29.06.2015 0.032 0.177 0.366 ±74 ±309
29.06.2015-22.09.2015 -0.025 0.174 0.352 ±32 ±136
22.09.2015-01.07.2016 0.011 0.141 0.283 ±28 ±419
01.07.2016-07.10.2016 0.034 0.141 0.286 ±95 ±119
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(or both), often characterized a y-shaped sector separated in themiddle
by the main bedrock outcrop (Fig. 6). For instance, during the summer
2013 (between June and October), an important accumulation of rock
debris was recorded (Fig. 11). Conversely, mostly erosion was observed
in this sector during the summer 2014 (June to October) in relation to
the occurrence of several debris ﬂows events in July 2014 (Fig. 11).
The strong variations in sediment transfer dynamics characterizing the
upper gully underlined the fact that sediments were apparently
frequently transported towards the lower gully during the study period.
At Tsarmine, the situation in terms of sediment ﬂuxes and accumu-
lation/erosion patterns was quite simple during the study period. Fig. 9
shows the cumulative surface changes between 2013 and 2016. Most of
the maps produced for other time intervals exhibit the same patterns,
even though often less pronounced because of the shorter time spans
covered. An erosion zonewas observed at the front, andmore speciﬁcal-
ly on the southern side of the front. This zone was usually larger with
more pronounced erosion on time interval covering summer periods
than winter periods. On longer time intervals (covering one or several
years as in Fig. 9 for instance), surface lowering was often well present
in this area. In other sectors of the front, increase in elevation change
was dominant. In the upper gully, only very little erosionwasmeasured,
and only in some of the different time intervals. An important accumu-
lation area was observed in the upper gully, between approximately
2450 and 2250 m a.s.l. (see Fig. 9). This accumulation area extended
gradually downslope during the study period. At lower altitudes (less
than 2250 m), no erosion occurred and only very little accumulation
was recorded. This accumulation corresponded mainly to very small
and localized areas.
4.2. Sediment budgets
In general the orders of magnitude of the sediment transfer rates
differ between the sites. Higher sediment erosion rates have been calcu-
lated at the front of the Gugla rock glacier in comparison to the two
other sites (Fig. 12). In addition, the temporal variations of the erosion
rate are different at each site.
Since 2014, the annual transfer rate (EA) calculated between the
front of the Dirru rock glacier and the underlying debris slope was
about 1500 m3/year (Table 3, Fig. 12). The volumes transferred were
relatively constant over time even if a small decreasing trend seemed
to characterize the study period (Fig. 12). Speciﬁc erosion rates (ES)
were also quite constant in time, even if slightly higher values charac-
terized time intervals covering the period between July and September.
For each time interval, the sediment budget of the upper gully is
positive, indicating an accumulation-dominant behavior on the debris
slope. Since June 2014, about 3500 m3 of sediments have been stored
in the upper gully (cumulative budget of the gully area).
Fig. 9. Surface elevation changes recorded between the beginning of themeasurements and the date of the last scan at Gugla (June 2013 to October 2016), Tsarmine (July 2013 to October
2016) and Dirru (June 2014 to October 2016).
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Fig. 10. Surface elevation changes (DoD) at Dirru for a period spanning from October 6, 2015 to June 29, 2016. The erosion and accumulation patterns on the debris slope (arrows) are
evidences of a small debris ﬂow which occurred on June 22, 2016.
Fig. 11. Surface elevation changes recorded at Gugla for the summer 2013 (up) and 2014 (down) (speciﬁc dates in top left corners). A dominance of accumulation can be observed in the
channel in 2013 (blue), while in 2014, the same area is characterized mainly by erosion (red).
11
htt
p:/
/do
c.r
ero
.ch
At Gugla, values of annual sediment transfer rate between the front
and the gully ranged roughly between 7800m3/year and 5600m3/year
(Table 3), with a decreasing trend since 2013 (Fig. 12). The speciﬁc ero-
sion rate at the front (ES) was relatively variable in time, with generally
higher erosion rates calculated between June and October. Two DoDs
obtained for shorter time periods and covering the very beginning of
the summer (June/July) were characterized by speciﬁc erosion rates of
respectively 16,500 m3/y (25.06.2013 to 10.07.2013) and 24,000 m3/y
(08.06.2015 to 30.06.2015)which correspond to thehighest rates calcu-
lated. The sediment budget calculated in the gully showed also a strong
variability, with periods characterized by a negative budget and periods
of positive budget, measured for time intervals covering either summer
or the period spanning from October to June. The volume of sediment
stored in the upper gully ﬂuctuated through the study period due to
the recurrence of debris ﬂow events and in October 2016, the level of
aggradation was very similar to the one measured by the end of June
2013 (a few hundred cubic meters of difference).
At Tsarmine, the measured annual transfer rates at the front ranged
between 1900 and 3800 m3/year (Table 3). This range depicts impor-
tant variations in the sediment transfer dynamic between the front
and the gully during the study period. The erosion rate has been increas-
ing since the start of themeasurements in 2013 to reach a maximum in
2016 (Fig. 12). The speciﬁc erosion rate (ES) at the front was also quite
variable between the different time intervals and was systematically
higher during summer periods. The cumulative budget for the whole
study period (2013–2016) showed a constant increase of the volume
of sediment stored in the upper gully. About 11,000 m3 accumulated
between July 2013 and October 2016.
4.3. Spatio-temporal variations
At all the sites, the calculated speciﬁc erosion rates of the fronts were
higher during the interval spanning from July to October. On the DoDs,
more signiﬁcant erosion zones were observed at the fronts for the
summer periods as well. However, an important part of the winter
time intervals is characterized by the snow-covered period. It corre-
sponds to a long time period in which erosion only occurs during
short phases, i.e. before the ground freezing and after the snowmelt
started (Kummert et al., 2017). The erosion rates calculated for these
time intervals are therefore reﬂecting the mean activity over the
whole period and are not representative of the real erosion activity
which can occur shortly before and after the winter ground freezing.
At Gugla, two time intervals cover short time periods at the very begin-
ning of the summer (respectively from the 25th of June to the 10th of
July 2013, and from the 08th to the 30th of June 2015, Table 1). The
values of speciﬁc erosion rates for these two intervals are the highest
measured and suggest that erosion was higher in the early summer,
shortly after the snowmelt occurred on the whole catchment area. The
erosion rate may be even more important during intense snowmelt
phases in the catchment area upslope from the rock glaciers, as it has
been observed for instance at Gugla between the 10th and the 26th
of June 2013 when up to 10,000 m3 were eroded from the front and
the upper gully (see video at http://www.youtube.com/watch?v=
0k8OYEvHD_Y). At Dirru and Tsarmine, the fronts are usually depicting
gain in surface elevation overwinter time intervals. This also reﬂects the
fact that when the scans are performed in the beginning of the summer
(June or July), the part of the front which advanced during the winter
was not yet completely eroded. This accumulation is therefore mainly
due to the advance of the rock glaciers.
The observed patterns of erosion and accumulation show the
presence of a sediment storage zone in the upper gully at each study
site. This is conﬁrmed by the sediment budget calculated for the gullies.
However, in each site this storage area appears to behave differently.
Fig. 13 shows the evolution of the amount of sediment stored in the
upper gully for the three sites in comparison with the original state,
which corresponds to the ﬁrst LiDAR scan. At Tsarmine, the accumula-
tionwas gradual in time. Nomobilization of sediments from this storage
zone was measured or observed in the DoDs. In this case, the erosion
Fig. 12. Evolution of the annual sediment transfer rate between the fronts of the three
studied rock glaciers and the respective connected debris slopes. The rates are calculated
for yearly periods, from October to October.
Table 3
Main results obtained from the volume calculations using LiDAR DEMs differencing for each successive time interval.
Site Time interval
(dd.mm.yyyy)
Days
(n)
Front Gully
ΔVF
(m3)
dxyz (m) α (deg) ΔVFadv
(m3)
ΔVFre (m3) Cumulative
budget (m3)
ES
(m3/year)
EA
(m3/year)
ΔVUG
(m3)
Cumulative
budget (m3)
Dirru 26.06.2014–09.10.2014 105 −206 1.77 43.2 631 −837 −837 −2909 515 515
09.10.2014–30.06.2015 264 399 3.76 43 1388 −990 −1827 −1368
−1656
1390 1905
30.06.2015–06.10.2015 98 −18 1.56 43.3 633 −652 −2479 −2428 457 2362
06.10.2015–29.06.2016 267 280 3.15 45.1 1291 −1011 −3490 −1382
−1494
803 3165
29.06.2016–04.10.2016 97 82 1.32 43.2 561 −479 −3969 −1803 259 3424
Gugla N S N S
25.06.2013–04.10.2013 101 −1367 1.10 4.00 45.3 43.7 1620 −2988 −2988 −10,797 2863 2863
04.10.2013–26.06.2014 265 −671 2.48 6.76 43.5 43.5 3247 −3918 −6906 −5396
−7798
1108 3971
26.06.2014–09.10.2014 105 −2101 1.21 3.20 43.7 43.5 1886 −3987 −10,893 −13,859 −4453 −482
09.10.2014–30.06.2015 264 312 2.52 5.17 44 43 3732 −3420 −14,313 −4729
−5904
−564 −1045
30.06.2015–06.10.2015 98 −627 1.20 2.54 46 44 1809 −2436 −16,749 −9073 506 −540
06.10.2015–29.06.2016 267 6 2.47 4.01 52 48 4523 −4517 −21,266 −6175
−5676
−289 −829
29.06.2016–04.10.2016 97 820 1.15 2.66 48.3 45.7 1964 −1144 −22,410 −4305 714 −115
Tsarmine 09.07.2013–23.09.2014 441 173 2.99 43.3 2454 −2281 −2281 −1888 −1888 2918 2918
23.09.2014–29.06.2015 279 1500 2.62 44.6 2601 −1100 −3381 −1440
−1958
1963 4854
29.06.2015–22.09.2015 85 −516 0.97 43.6 329 −853 −4234 −3664 596 5450
22.09.2015–01.07.2016 283 1949 3.28 46.8 3200 −1251 −5485 −1614
−3770
3347 8798
01.07.2016–07.10.2016 98 −752 1.37 43.8 1932 −2684 −8169 −9997 2241 11,038
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affecting the front led to the concentration of the sediments within the
upper gully. Interestingly, the increasing steepness of the curve in Fig.
13 illustrates the increase in the erosion rate characterizing the front
of the Tsarmine rock glacier from 2013 to 2016. At Dirru, the erosion
of the front also contributed to increase the volume stored in the
upper gully. The storage area is nonetheless morphologically different
than for Tsarmine as the sediments are not concentrated in a narrow
channel but spread on a debris slope. At Dirru, partial sediment
reworking was observed on the debris slope, for example between
October 2015 and June 2016. This was due to the occurrence of a
small debris ﬂow which was initiated close to the front on the 22th of
June 2016. The material eroded by the latter was for the most part
deposited a little bit downward on the slope and in the Geisstriftbach
torrent (Fig. 10). It seemed however that only a very small amount of
sediment exited the system during this event (maximally one hundred
cubic meters). At Dirru, some larger events were observed in June 2013
(before the measurements started). They induced a transfer of sedi-
ments further down in the Geisstriftbach torrent. All these reworking
events affected the erosion niche on the northern side of the debris
slope,where the connectivitywith themain torrent ismore efﬁcient. Fi-
nally at Gugla, there was a concentration of sediment in the channel,
similarly to what was observed at Tsarmine. However the results
showed that the reworking of these sediments stored in the upper
gully and their transfer further downward was quite frequent during
the investigated period. Indeed, negative sediment budgets were mea-
sured in the upper gully for several time intervals covering both winter
and summer time periods. Fig. 13 illustrates quite well this dynamic. At
Gugla, the upper gully was characterized by an alternate occurrence of
sediment buildup periods and erosion/emptying periods, depending
on the timing of the occurrence of debris ﬂow events which tended to
empty the gully. In addition, the volumes involved in this alternate ac-
tivity have been decreasing since the beginning of the measurements
in June 2013, showing a decreasing trend in the sediment transfer mag-
nitude. However, a long time period characterized by an aggradation-
dominant behavior could eventually occur and enhance substantially
the sediment availability in the upper gully, as it was for instance the
case later, in 2017.
5. Discussion
5.1. Controls on the sediment transfer rate
The results show differences in sediment transfer rate between the
three sites (Fig. 12). These differences can be attributed to different
factors which act as controls on the sediment transfer rates between
the fronts and the underlying gullies/debris slopes. First, the morpholo-
gy and the size of the frontal area impacts the potential amount of sed-
iment eroded from the front. For example, the tongue of the Dirru rock
glacier has an approximately two times smaller width than the two
other sites (respectively 50 m at Dirru and about 100 m both at Gugla
and Tsarmine). Therefore, the section of the rock glacier advancing
and then being eroded (frontal area) is smaller and explains the gener-
ally smaller erosion rates calculated. In addition, the velocity of the rock
glacier inﬂuences the amount of sediment which is brought forward
and set available each year. For instance, the frontal sections of Gugla
and Tsarmine rock glaciers have similar dimensions, however, the
creep velocities measured at Gugla are higher than the ones measured
at Tsarmine and partly explains the higher sediment transfer rates ob-
tained for Gugla. Fig. 14 shows for each site the evolution of the frontal
erosion rates compared to the evolution of the surface velocities
measured by differential GNSS at the fronts. The relation between
these two variables is quite clear and conﬁrms the hypothesis that, as
the positions of the front lines are approximately stable in time, higher
creep velocity rates favor higher sediment transfer rates. This effect is
particularly visible in Gugla (southern front) and Tsarmine where rela-
tively important changes in creep velocity are correlated to respectively
a decrease and an increase in sediment transfer rate from the rock gla-
cier into the upper gully (Fig. 14). At Dirru, the slight decrease in surface
velocity measured since 2015 seems to be related to a corresponding
slight decrease in sediment transfer activity. Finally, the erosion
Fig. 13. Evolution of the amount of sediment stored in the upper gully for each site in relation to the original state which corresponds to the date of the ﬁrst TLS scan, respectively June 26,
2014 at Dirru, June 25, 2013 at Gugla and July 09, 2013 at Tsarmine. The black X correspond to the measured values and therefore to the TLS campaigns, while the shapes of the curves
between the black X are a best guess of what happened based on observations of webcam images (Kummert et al., 2017). The question marks are added to suggest that there are a lot
of uncertainties about the ﬁlling rate of the gullies between two scans.
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susceptibility of the sediments lying at the front, as well as water avail-
ability in the gully can vary both in time and/or between the sites and
can inﬂuence the erosion rates (see Kummert et al., 2017). For example,
Gugla is characterized by a substantially larger catchment area upslope
from the rock glacier than the two other sites. During intense snowmelt
or repeated rainfall events, greater runoff discharge can be observed in
the gully, increasing the magnitude of erosion events (Kummert et al.,
2017). In addition, at Dirru the development of the main erosion niche
in the mid-1990s was apparently associated with the occurrence of in-
tense torrential transfer events (Raymond Pralong et al., Unpublished),
andmight have been related to a change in water availability enhancing
regressive erosion.
5.2. Signiﬁcance of the transfer rate for torrential activity
Sediment transfer rates ranging between 1000 and 7800m3/y were
calculated. We can assume that similar orders of magnitude apply for
rock glaciers characterized by comparable sizes, dynamics and topo-
graphical conﬁgurations. Once lying in the channel, the sediments are
potentially available for torrential transport, and therefore for the
development of debris ﬂows. If we follow the volumetric classiﬁcation
of debris ﬂows proposed by Jakob (2005) in the case of British Columbia
(Canada), the orders of magnitude for annual sediment supply by the
rock glaciers calculated here are sufﬁcient, if mobilized within one
event, to produce medium sizes debris ﬂows (class 3 in Jakob, 2005).
According to Jakob (2005), such debris ﬂow size is enough to destroy
buildings, damage concrete bridge piers and block or damage highways
and railways. In addition, the sediment input from the rock glacier
may be continuous over several years or decades as long as the level
of activity of the latter remains constant. If no remobilization events
occur, the sediment supply from the rock glacier front can lead in a
few years to the progressive storage of larger amounts of rock debris
in the gully, which are then potentially available for the triggering of
larger magnitude debris ﬂows, as long as enough water is available.
For example, at Gugla the sediment supply by the rock glacier contribut-
ed to the triggering of repeated debris ﬂow events emptying the upper
gully between 2012 and 2016 (Fig. 13). The decrease of the sediment
transfer rate since 2013 associated with the high frequency of events
constitute explanatory factors for the lower magnitude of the debris
ﬂow events which occurred in 2015 and 2016. The largest events
occurred between the 13th and the 18th June 2013 at Gugla, shortly
before the start of the TLS surveys (Oggier et al., 2016). The amount of
sediment transferred during these repeated events were therefore not
quantiﬁed but exceeded the ones measured ever since and were most
likely involving sediments that have accumulated in the upper gully
for several consecutive years. At Dirru, the dispersion of the sediments
on the slope seems to currently lower the overall magnitude of debris
ﬂow events. These events were in addition less frequent than in Gugla
due to factors such as water availability and topography (slope),
which are at least as important as the presence of sediments in the
gullies to explain the debris ﬂow susceptibility of the catchments
(Kummert et al., 2017). It is important to note that the presence of a rap-
idlymoving rock glacier connected to a torrential channel does not nec-
essarily imply frequent occurrence of debris ﬂow events. The best
example is the case of Tsarmine, where only very small-size debris
ﬂows were observed in the past decades (maximally up to a few hun-
dred cubic meters) despite the substantial sediment availability in the
upper gully (11,000 m3 accumulated in only 4 years). The sediment
input from the rock glacier only participates to the buildup of the impor-
tant sediment storage area in the upper gully, and factors such as the
small size of the catchment area inducing a relatively low water avail-
ability or the relatively coarse sediment size has so far prevented large
debris ﬂows from being triggered.
5.3. Comparison with other studies
Many studies (e.g. Barsch, 1977; Humlum, 2000; Gärtner-Roer and
Nyenhuis, 2010) propose estimations of the sediment transfer rates of
rock glaciers. However, the results are usually expressed in tons per
years and take into account the whole mass of the rock glaciers rather
than the transfer occurring at the front or at a given section of the land-
form. They are therefore not comparable to our approach. As already
mentioned, very few studies focusing on the quantiﬁcation of sediment
transfer at the front of active rock glaciers exist. In one of the few exam-
ples, Micheletti et al. (2017) presented results of volumetric changes
at the front of the Tsarmine rock glacier. They compared volumes calcu-
lated with a conventional method using DoDs, similarly to the one
applied here, to volumes directly extracted from TLS point clouds.
However, Micheletti et al. (2017) did not calculate sediment transfer
rates nor sediment budgets but only volumes of accumulation and ero-
sion on the whole area, including the front and the gully. Furthermore,
no speciﬁc methodology to estimate the volumetric inputs from the
rock glacier advance is proposed. It is therefore not possible to directly
relate their results to the ones presented here.
Lugon and Stoffel (2010) calculated sediment transfer rates between
a rock glacier front and a torrential channel for different time periods by
multiplying the annual surface velocity with the surface width and
depth of the rock glacier front. Their method did not consider the veloc-
ity decrease at depth andwas based on the assumption that the volume
brought forward annually by themotion of the rock glacier corresponds
to the volume eroded and transported each year towards the gully. They
calculated annual transfer rates ranging between 300 and 400 m3/y at
the front of a rock glacier characterized by a surface velocity varying
between 30 and 40 cm/y. These values are about ten times lower that
the ones we calculated at our sites and can be explained by the surface
velocity, which is also approximately ten times lower. As a comparison,
a similar approach adapted to take into account the velocity decrease
at depth (Fig. 15) was applied for all the rock glaciers located in the
west-oriented side of the Mattertal valley, including Dirru and Gugla
(Delaloye et al., Unpublished), as well as at Tsarmine. The values of an-
nual sediment transfer obtained with this alternate simpliﬁed method
(method 2) are shown in Table 4, where they are compared to the
values of annual erosion rates (EA) presented in this paper. The two
methods estimated sediment transfer rates of the same magnitude.
The results presented in this paper indicate however that the erosion
Fig. 14.Comparison between the annual transfer rate and the velocity rate for each studied
rock glacier. The rates (both transfer rates and velocity rates) are calculated for one year
periods (October to October).
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of the front does not only follow the variations of movement of the rock
glacier, but depends also on external factors such as the weather condi-
tions. Therefore, even though the front line position seems stable at a
decadal scale, the erosion of the front is characterized by inter-annual
and seasonal variations that are not captured by the second approach.
The comparative table shows nevertheless thatmethod 2 can be helpful
to get ﬁrst quantitative approximations of the sediment transfer activity
at the front of active rock glaciers connected to torrential gullies.
5.4. Remaining uncertainties over the data
The presented results display certain variability in the sediment
transfer rates and budget values. The correspondence between volumes
eroded from the fronts and aggradation rates in the upper gullies is also
not perfectly balanced. If this can illustrate the transfer of sediments
towards the lower gullies and the valley bottoms, it can also reﬂect
uncertainties and errors in our estimations. At Tsarmine and Dirru for
instance, there is almost no remobilization of sediments out of the
scanned area. The budgets calculated at the fronts should then be
balanced by the volume changes obtained for the upper gullies for
each time period and for both sites. However, results show in most
cases slightly unbalanced total budgets, generally positive at Tsarmine
and negative at Dirru. These unbalanced budgets point out remaining
uncertainties which are both numerous and difﬁcult to estimate.
These uncertainties are discussed hereafter.
Despite our efforts to limit the impact of DEMs errors in our volume
calculations, some uncertainties linked to the data processing can still
be present. In addition, uncertainties can arise from the interpretation
of the calculated volumetric budget as sediment budgets. Asmentioned,
in our cases the values of surface changes aremostly reﬂecting sediment
transfer activity; either sediment reworking through aggradation
and erosion, or the movement of the rock glacier which participates to
transport sediments downward. However, other processes might inﬂu-
ence the values of surface changes within the DoDs and therefore be
reﬂected in our sediment budget values. At the front, the ice content
within the advancing sections of the rock glaciers may vary spatially
and impact calculated volumetric budgets. In addition, the melt of
permafrost ice which in some cases occupies a larger volume than the
overall porosity can also affect values of surface elevation changes at
the fronts. This effect could for instance explain part of the unbal-
anced overall sediment budget calculated at Dirru, where relatively
high ice content is expected. In the upper gullies, occasional and lo-
calized snowmelt-induced surface changes may also be present in
some of the DoDs, for instance at Gugla where the narrowness and
the steepness of the gully sometimes allow some small snow patches
to remain present until end of June. These processes could however
not be quantiﬁed. Their impact on the values of volumetric budget
is expected to be small but they need to be kept in mind while ana-
lyzing the results.
Finally, errors can also derive from the calculations of the volume
gain from the rock glacier advance (ΔVFadv). In our calculations we
used the mean 3D velocities measured at 3 to 4 points located close
to the fronts to estimate the rock glaciers movements. The spatial
representativeness of this mean value is possibly not ideal. As already
mentioned, we reduced this mean value by a factor of 25% to better
represent the velocity decrease at depth. By doing so we assume that
the velocity at the shear horizon is about half the one measured at the
surface, and that the velocity decrease in depth is linear. These two
assumptions represent simpliﬁcations of the reality and therefore can
lead to uncertainties. It might however counterbalance the effect of
the melt of interstitial ice on volume changes, especially at Gugla and
Tsarmine where the ice content is expected to be low. In addition,
the same amount of sediment could occupy different volumes in the
upper gully and at the front. In the rock glacier body, a part of the
Fig. 15. Schematic viewof a rock glacierwith the different dimensions (a. to e.) used inmethod 2 to estimate the annual sediment input at the front of active rock glaciers. In thismethod, it
is assumed that all the sediments brought forward by the rock glacier advance are eroded and transferred towards the gully. The annual sediment input corresponds thus to the annual
erosion rate at the front.
Table 4
Data comparison between sediment transfer rates calculated with the methodology
described and applied in this study, and an alternative method (method 2) adapted from
Lugon and Stoffel (2010) and used by Delaloye et al. (Unpublished).
Time interval
(dd.mm.yyyy)
Transfer rate
(EA) (m3/y)
Transfer rate method
2 (m3/y)
Dirru 09.10.2014-06.10.2015 -1642 -1811
06.10.2015-04.10.2016 -1494 -1520
Gugla 04.10.2013-09.10.2014 -7798 -6860
09.10.2014-06.10.2015 -5904 -5599
06.10.2015-04.10.2016 -5676 -4986
Tsarmine 23.09.2014-22.09.2015 -1958 -2823
22.09.2015-07.10.2016 -3770 -3656
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volume corresponds to ice which is not present in the sediments lying in
the gully. On the other hand, the sedimentsmight bemore compacted
in the rock glacier body than in the gully due to the compressive ac-
tion of the permafrost creep process. Moreover, ﬁne material oc-
cupies often an important part of the front surface but is generally
less visible in the gully where it can be leached. These differences
can also explain unbalanced values of total budgets even if no sedi-
ments were transferred outside the scanned areas. This is most likely
he case at Tsarmine, where ﬁne sediments occupy a relatively large
portion of the front surface but are almost non-visible in the upper
gully.
All these remaining sources of uncertainties were not quantiﬁed.
Therefore, the absolute values of volume changes presented here should
not be interpreted as true values but more as best approximations.
Additionally, as the same methodology has been applied for each time
interval and at each site, one can argue that relative changes in erosion
and transfer within one site or differences recorded between the sites
are representative of real geomorphological differences in sediment
transfer activity. More than the single absolute values, orders of magni-
tude and both temporal variations within one site and differences
between the sites are the main elements that are emphasized and
discussed in this paper.
6. Conclusion
TLS derived DoDs have shown good applicability to map and
quantify sediment ﬂuxes between the front of rapidly moving rock
glaciers and gullies. However, uncertainties remain present due to the
post-processing of the LiDAR data and the difﬁculty to estimate the
volume changes due to the rock glacier movements. These sources of
uncertainties seem unfortunately difﬁcult to overcome. However,
more advanced procedures of TLS post-processing routines as well as
better local knowledge about the depth of the main shear horizon, the
velocity decrease at depth or the internal structure (e.g. porosity, ice
content) could improve our estimations. Given the remaining uncer-
tainties, the quantitative results presented here should be analyzed as
orders of magnitude more than as absolute values. They however
allow numerous conclusions to be drawn. The fronts of the investigated
rock glaciers act as substantial sediment inputs to the underlying tor-
rential channels. Sediment transfer rates measured between the fronts
and the torrential gullies range from about 1500 m3/y at Dirru to more
than 7800m3/y measured in 2013–2014 at Gugla. In most cases, these
transfer rates participate to the buildup of important accumulation
areas in the upper sectors of the gullies or on the slopes situated just un-
derneath the fronts, as shown by the DoDs. Once stored on the slopes,
the sediments may then be remobilized within debris ﬂow events of
various sizes, depending on the sediment availability but also on the
concordance of other controlling factors such as topography and water
availability (Kummert et al., 2017). In addition to these factors, the
annual sediment transfer rate between the rock glacier fronts and the
torrential channels is mainly controlled by the sizes of the frontal
areas and the creep velocity rates. A clear relation between the motion
rates of the rock glaciers and the sediment transfer rates calculated at
their fronts could be highlighted here. We can therefore afﬁrm that a
substantial sediment transfer activity must characterize rock glaciers
lending similar topographical and kinematical conﬁgurations as the
ones studied here. The values presented here are thus only representa-
tives for rapidly moving rock glaciers. In the case of slow moving rock
glaciers, values of sediment transfer rates are expected to be much
lower. However, in the current context of climate change, the potential
acceleration of such steep and connected rock glaciers could increase
sediment transfer rates and enhance the sediment availability within
the headwaters of high alpines watersheds. The identiﬁcation of the
cases corresponding to this conﬁguration should therefore be a priority
for future work.
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